This paper investigates the non-orthogonal multiple access (NOMA) based multicasting in wireless caching networks for the performance enhancement of spectral efficiency. Particularly, at the base stations (BSs), upon receiving the requests from the attached user equipments (UEs), a superposed message of the most requestedm files is broadcasted by applying NOMA to simultaneously satisfy the demands of multiple UEs, with the power allocation of the files determined by the respective number of requests. Further, at the UEs, two different decoding strategies, i.e., the conventional SIC without cache-aided interference cancellation and the SIC with cache-aided interference cancellation, are considered to facilitate the reliable data reception. To analyze the performance of the proposed NOMA based multicasting scheme, a novel framework is developed based on stochastic geometry. We first derive the probability that an ordered sequence Y ofm files is broadcasted by the typical BS Y with the technique of NOMA. Then, we characterize the coverage probability of i-th file in Y . Further, we evaluate the average coverage probability of the wireless caching network with the studied NOMA based multicasting. It is shown by simulations that the derived analytical results are validated and the technique of wireless caching can further improve the performance of NOMA.
I. INTRODUCTION
Non-orthogonal multiple access (NOMA) has been identified as one of the key enabling technologies of the fifth generation (5G) communication systems to enhance the spectral efficiency [1] . Particularly, different from the conventional orthogonal multiple access approaches, by utilizing the successive interference cancellation (SIC) technique at the receivers, NOMA can support the transmission of a mixture of multiple messages for different users on the same The associate editor coordinating the review of this manuscript and approving it for publication was Dapeng Wu . time-frequency-code resource, which thereby significantly boosts the network throughput [2] , [3] .
Due to its great potential, NOMA has received considerable research interest over recent years [4] - [12] . In [4] , under perfect channel state information knowledge at the base station, Fang et al investigated a low-complexity suboptimal algorithm to enhance the energy efficiency of the downlink NOMA network. In [5] , Yang et al. considered the NOMA based cooperative relaying from successful multicast users to unsuccessful multicast/unicast users for the transmission reliability in single-cell downlink scenario. In [6] , Ali et al. studied the coordinated multi-point (CoMP) transmission based NOMA in multi-cell downlink scenario. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ In [7] , Xu et al. incorporated NOMA into cognitive orthogonal frequency-division multiplexing (OFDM) systems and captured the optimal sensing duration adaptation, the optimal user scheduling policy, and the optimal power allocation strategy. In [8] , Zhou et al. considered the opportunistic and cooperative NOMA with full-duplex relaying to improve the network performance and derived the stable throughput regions. In [9] , Zhou et al. further provided the coverage and rate analysis of NOMA and mmWave based networks with beam misalignment. In [10] , Liu et al. investigated the power domain NOMA in heterogeneous networks, and analyzed the coverage probability and link throughput. In [11] , Salehi et al. analyzed the meta distribution of the conditional success probability in uplink and downlink NOMA networks.
In [12] , Sun et al. applied a stochastic geometry approach to derive the outage probabilities and ergodic rates of NOMA based uplink CoMP systems. Wireless caching is considered as another important technique for the performance enhancement of future wireless network, especially for video transmissions [13] - [17] . The main benefit of wireless caching is that with popular files buffered at the cell edge, the transmission delay induced by the congested backhaul can be significantly reduced [18] - [25] . Wireless caching has been widely studied in the literature [26] - [32] . Particularly, in [26] , Maddah-Ali et al. proposed a coded caching scheme to achieve the global caching gain by jointly optimizing the placement and delivery strategy, and showed that the derived rate is within a constant factor of the information-theoretic optimum. In [27] , under the scenario of dynamic popularity of video files, Pedarsani et al. proposed a online coded caching scheme and characterized the optimal long-term average rate of the shared link. In [28] , Zhao et al. investigated a novel cluster content caching scheme, and analyzed the performance of effective capacity and energy efficiency. In [29] , Min Chen et al. studied the optimal caching placement and content delivery strategy by taking the user mobility and energy cost into consideration. In [30] , Yang et al. considered a heterogeneous network architecture to offload the traffics of the frequently requested files from base stations to cache-enabled relays and device-to-device (D2D) users. In [31] , Mingzhe Chen et al. studied the problem of proactive deployment of unmanned aerial vehicles (UAVs) with caching capabilities to maximize the quality-of-experience (QoE) of UEs by applying the machine learning framework of conceptor-based echo state networks. In [32] , Wu et al. investigated the cooperative caching and delivery strategy in D2D networks by jointly taking the users' similarity in video requests, users' willingness for video sharing, user's spatial distribution, and users' QoE requirements for video streaming into consideration.
It is obvious that a collaboration of the techniques of NOMA and wireless caching can not only improve the spectral efficiency of the access network but also reduce the transmission delay of the backhaul. As such, it is beneficial to investigate the joint design of NOMA and wireless caching for the performance enhancement of the wireless networks. It is worth noting that several attempts have been made on the study of the coexistence of NOMA and wireless caching [33] - [35] . Particularly, in [33] , Zhao et al. proposed a NOMA based multicast scheme to enable the content pushing and multicasting in the same resource block. In [34] , Zhao et al. further characterized the delay based coverage probability in wireless caching network with NOMA communication. In [35] , Ding et al. applied NOMA in wireless caching networks to facilitate the update of cache content during on-peak hours.
In this paper, different from [4] - [12] and [26] - [32] , we investigate the NOMA transmission in wireless caching networks and demonstrate the potential benefit. Further, different from [33] - [35] , we mainly focus on the performance gain achieved by the technique of cache-aided interference cancellation. The main contributions of this paper are summarized as follows:
• We consider a wireless caching network with a library M of M files, where the locations of BSs and the cache-enabled UEs are modeled as Poisson point processes (PPPs) on R 2 . To enhance the overall spectral efficiency of the wireless caching network, a NOMA based multicasting scheme is proposed. Particularly, it is designed that a BS broadcasts a superposed message of the most requestedm files in M by its attached UEs with the technique of NOMA. Further, it is assumed that the transmit power of BS for different files depends on the respective number of requests. At the UEs, two decoding strategies are considered, i.e., the conventional SIC without cache-aided interference cancellation and the SIC with cache-aided interference cancellation, respectively, to facilitate the reliable data reception.
• To analyze the performance of the proposed NOMA based multicasting scheme, a novel framework is developed based on stochastic geometry. We first derive the probability ξ q that an ordered sequence Y ofm files is broadcasted by the typical BS Y with the technique of NOMA. Then, we characterize the coverage probability of i-th file in Y with the two decoding strategies, respectively. It is worth noting that i-th file in Y is not necessarily the i-th file in M. As such, the coverage probability of the i-th file in Y cannot be directly applied to derive the average coverage probability of the studied wireless caching network. To address this issue, by utilizing ξ q , we transfer the coverage of the i-th file in Y to the i-th file in M, and based on which evaluate the average coverage probability of the proposed NOMA based multicasting scheme.
• Extensive simulation results are presented to validate our findings and observations. Particularly, our numerical results demonstrate the potential gain of joint utilizing the techniques of NOMA and wireless caching to enhance the performance of the wireless networks. The remainder of this paper is organized as follows. In Section II, the mathematical model of the wireless caching TABLE 1. Symbol notation.
network is described and the proposed NOMA based multicasting scheme is presented. In Section III, the coverage probability of the studied wireless caching network is derived. In Section VI, simulations are provided to validate the derived analytical results through numerical simulations. Finally, the conclusions are drawn in Section VII. Notations of selected symbols used in this paper are summarized in Table 1 .
II. SYSTEM MODEL
In this paper, we consider a multi-cell cellular network formed by base stations (BSs) and user equipments (UEs) with caching capabilities. The locations of BSs and UEs follow two independent homogeneous Poisson point processes (HPPPs) with densities given by λ b and λ u respectively. We further assume that each UE is associated with its closest BS, which means that the respective UEs are located in their nearest BSs' Voronoi cells as shown in Fig. 1 . In addition, we consider a library of M equal-sized multimedia files M := {1, 2, · · · , M } with the request probability of the i-th file in M following the Zipf distribution as
where γ ≥ 0 denotes the Zipf parameter. Each UE is assumed to have a cache memory of L files. As such, there are in total N M L different combinations for content caching. Let N {M 1 , M 2 , . . . M N } denote the set of N combinations. Further, the UEs are assumed to cache the n-th combination M n in N with probability c n .
The BSs with transmit power denoted by P are designed to receive requests sent by the UEs in their respective Voronoi cells at the beginning of each time slot. Particularly, for a tagged BS Y, let Y {f 1 , f 2 , . . . , f m } denote the set of m files requested by UEs in its attached Voronoi cell ordered by the number of demands denoted by n i for the i-th file in Y , i.e., n i ≥ n j for i ≤ j. Further, we denote U i as the set of UEs
. . , n m } denote the ordered set of n i . Then, for a specific ordered set Y , due to the fact that n i may be larger than or equal to n j for i = j−1, there are in total 2 m −1 different cases of N Y . We further define N Y = N s Y as the set of all possible cases of N Y for a specific ordered set Y with s denoted as the index.
To enhance the performance of the cellular network, it is assumed that BS Y broadcast a superposed message of the most requestedm = min(m , m) files in Y by applying the technique of NOMA, where m denotes the maximal number of files allowed by NOMA based multicasting. Let Y denote the ordered set of the most requestedm = min(m , m) files in Y determined by the number of requests. Then, the transmit power for the i-th
Further, it is assumed that the transmit power P i ≥ P j for i ≤ j, i.e., the transmit power for i-th file f i ∈ Y is determined by its demands n i . The rationale behind this power allocation policy is that given n i ≥ n j , it is more likely that the worst wireless channel experienced by UEs in U i is worse than that experienced by UEs in U j . At the receiver side, two different decoding strategies are considered for the UEs, which are specified as follows.
1) CONVENTIONAL SIC WITHOUT CACHE-AIDED INTERFERENCE CANCELLATION
In this decoding strategy, for a typical UE at the origin which requests for the i-th file f i ∈ Y from BS Y, the received SIR 1 (after successfully decoding the symbols from j ≤ i − 1 files in Y ) is given by
where h Y denotes the channel fading power coefficient between Y and the typical UE, g k denotes the channel fading power coefficient between the k-th BS in b and the typical UE, X k denotes the location of k-th BS in b , and α denotes the path-loss exponent.
2) SIC WITH CACHE-AIDED INTERFERENCE CANCELLATION
In this decoding strategy, for a typical UE at the origin which caches the n-th combination M n in N and requests for the i-th file f i ∈ Y from BS Y, the received SIR (after successfully decoding the symbols from j ≤ i − 1 files in Y ) is given by
where 1 {A} denotes the indicator function of event A. Particularly, under the strategy of SIC with cache-aided interference cancellation, it is assumed that UE can cancel the intra-cell interference by using the cached content as side information.
Intuitively, this can be achieved by sending the data information (e.g., the index of the files, and the index of the chunk of the files) of the transmitted superposed message. It is also assumed that the inter-cell interference can not be removed even with the cached content for the practical consideration. It is worth noting that the target SIR is denoted by θ for successful decoding at the UEs. It is also worth noting that if the requested file is cached at the tagged UE, the In the following section, we characterize the coverage probability of the proposed decoding strategies, respectively.
III. COVERAGE PROBABILITY OF NOMA BASED MULTICASTING
The coverage probability of the proposed NOMA based multicasting is analyzed in this section. Particularly, considering the ordered set Y of files superposed and broadcasted by Y, it can be easily verified that there are in total Q Y = m L ·m! combinations of Y . Let ξ q denote the probability that the the q-th combination of Y is broadcasted by Y with the technique of NOMA. Then, we characterize ξ q in the following lemma.
Lemma 1: For wireless caching networks with NOMA based multicasting, ξ q is given by
where V 1 (m ), and V 2 (m ) are given by
respectively, s denotes the index of possible cases of N s Y in N Y , G i (s) denotes the set of files in Y with the same amount of requestsn i conditioned on N s Y ,G t (s) denotes the set of the files which are not in Y but have the same amount of requests as the files in G t (s), G c (s) denotes the set of the files which have fewer number of requests than the files in G t (s), G c (s) denotes the set of the files which do not have any request from UEs, and λ v
Remark 1: It can be verified that ξ q is essentially determined by the number of file requests.
With Lemma 1, we next characterize the coverage probability of UEs in U i with the proposed two different decoding strategies in the following two subsections.
A. COVERAGE PROBABILITY OF CONVENTIONAL SIC WITHOUT CACHE-AIDED INTERFERENCE CANCELLATION
For conventional SIC without cache-aided interference cancellation, the coverage probability C i of the UEs in U i is given by
where SIR j is given by (2) . Then, based on (7), we characterize C i in the following lemma. Lemma 2: By using the conventional SIC without cache-aided interference cancellation, the coverage probability C i of the UEs in U i is upper and lower bounded by
and
respectively, where
Proof: See Appendix B. Remark 2: It can be verified that both the upper and lower bounds of C i is an increasing function of ρ i and thereby P i .
Remark 3: It is worth noting that the i-th file in Y is not necessarily the i-th file in M. As such, C i cannot be directly applied to obtain the average coverage probability of the studied wireless caching network. To address this issue, let i f denote the set of all possible Y in which file f is the i-th most requested file. Then, with Lemmas 1 and 2, by utilizing ξ q , we transfer C i to the coverage probability of the f -th file in M denoted by C f as given by the following lemma.
Lemma 3: For conventional SIC without cache-aided interference cancellation, the coverage probability C f of file f is upper and lower bounded, respectively, by
where ρ i (r) and w r (r) are given by (10) and (11), respectively. Proof: By noting that
(12) and (13) can be immediately obtained based on Lemmas 1 and 2. Let C denote the average coverage probability of UEs which apply conventional SIC without cache-aided interference cancellation as the decoding strategy. Then, based on Lemma 3, we characterize C in the following theorem.
Theorem 1: For conventional SIC without cache-aided interference cancellation, the average coverage probability C of UEs is upper and lower bounded, respectively, by
where ρ i (r) and w r (r) are given by (10) and (11), respectively.
Proof: For conventional SIC without cache-aided interference cancellation, the upper and lower bounds on C of UEs can be immediately obtained by applying
and Lemma 3.
B. COVERAGE PROBABILITY OF SIC WITH CACHE-AIDED INTERFERENCE CANCELLATION
For SIC with cache-aided interference cancellation, the coverage probability C i of the UEs in U i is given by
where SIR j is given by (3) . Then, based on (7), we characterize C i of the typical UE at the origin in the following lemma. Lemma 4: For SIC with cache-aided interference cancellation, the coverage probability C i of the UEs in U i is upper and lower bounded, respectively, by
where
Proof: See Appendix C. Remark 4: Similar as that of C i , C i cannot be directly applied to obtain the average coverage probability of the wireless caching network. Instead, with Lemmas 1 and 4, by utilizing ξ q , we transfer C i to the coverage probability of the f -th file in M denoted by C f is obtained in the following lemma.
Lemma 5: For SIC with cache-aided interference cancellation, the coverage probability C f the f -th file is upper and lower bounded, respectively, by
where i f denote the set of all possible Y in which file f is the i-th most requested file, ρ i (r) and w r (r) are given by (20) and (11), respectively.
Proof: By noting that
(21) and (22) can be immediately obtained based on Lemmas 1 and 4. Let C denote the average coverage probability of UEs which apply SIC with cache-aided interference cancellation as the decoding strategy. Then, based on Lemma 5, we characterize C in the following theorem. Theorem 2: For SIC with cache-aided interference cancellation, the average coverage probability C of UEs is upper and lower bounded, respectively, by
and (25) where ρ i (r) and w r (r) are given by (10) and (11), respectively.
Proof: For SIC with cache-aided interference cancellation, the upper and lower bounds on C of UEs can be immediately obtained by applying
and Lemma 5.
IV. NUMERICAL RESULT
In this section, we present simulation results on the performance of the proposed NOMA based multicasting scheme to validate our analytical results. Throughout this section, unless specified otherwise, we set F = 4, θ = 1, m = 2, L = 1, γ = 1, and α = 4. Further, we set P = 1 with P 1 = 0.7 and P 2 = 0.3 if two files are selected for NOMA based multicasting. Figs. 2 and 3 show the probability ξ q versus the density of UEs λ u , when λ b = 0.005 and 0.01, respectively. Particularly, Fig. 2 plots the cases where only one file is broadcasted by the BSs, and Fig. 3 plots the cases where two files are broadcasted by the BSs with the technique of NOMA. It is observed that under both cases, the simulated results fit closely to our analytical results. Further, in Fig. 2 , it is observed that ξ q vanishes as λ u becomes large. Intuitively, this is due to the fact that the probability that only one file is requested by UEs decreases as λ u increases. In Fig. 3 , it is observed that as λ u increases, the BSs are more likely to select the first two files in Y as a combination for NOMA multicasting, which is intuitively expected from the law of large numbers.
In Figs. 4 and 5 , we plot C f and C f versus the density of UEs λ u , respectively, when λ b = 0.01. It is observed that the lower and upper bounds on C f and C f are effective. It is also VOLUME 7, 2019 observed that C f and C f for f ∈ {1, 2} of M are decreasing functions of λ u when λ u is small, while increasing functions of λ u when λ u becomes large. Intuitively, when λ u is small, due to the fact that the randomness of the file requests of the UEs is atypical, it is likely that the files {1, 2} ⊂ M are not the most requested files of the cell. As such, C f and C f for f ∈ {1, 2} of M decreases with λ u and thereby the respective ξ q when λ u is small. On the other hand, when λ u is large, due to the law of large numbers, the randomness of the file requests of the UEs becomes typical. As such, it is more likely that the files {1, 2} ⊂ M are the most requested files of the cell, which thus increases ξ 1 and thereby C f and C f for f ∈ {1, 2}. Figs. 6 and 7 show the average coverage probability C and C versus the density of UEs λ u , given λ b = 0.01. The analytical upper and lower bounds on the average coverage probability are observed to be effective. It is also observed that C and C are both decreasing functions of λ u when λ u is small, while increasing functions of λ u when λ u becomes large, which is intuitively expected from the fact that the coverage probability C and C is dominated by C f and C f for f ∈ {1, 2}, respectively. In Fig. 8 , we compare the simulated results on the average coverage probability C and C versus the density of UEs λ u for L = 1, 2, respectively, when λ b = 0.01. It can be observed that the cache-aided interference can enhance the coverage performance of the network. It can be also observed that increase of the cache memory at the UEs can significantly improves the network performance, which is intuitively expected.
V. CONCLUSION
This paper investigated the NOMA based multicasting in wireless caching networks for the performance enhancement of spectral efficiency. Particularly, at the base stations (BSs), NOMA was applied to simultaneously satisfy the demands of multiple UEs by broadcasting a superposed message of the most requestedm files. Further, at the UEs, two different decoding strategies, i.e., the conventional SIC without cache-aided interference cancellation and the SIC with cache-aided interference cancellation, were considered. To analyze the performance of the proposed NOMA based multicasting scheme, a novel framework is developed based on stochastic geometry. We first derived the probability that an ordered sequence Y ofm files is broadcasted by the typical BS Y with the technique of NOMA. Then, we characterized the coverage probability of i-th file in Y . Further, we evaluated the average coverage probability of the wireless caching network with the studied NOMA based multicasting. It is shown by simulations that the derived analytical results are validated and the technique of wireless caching can further improve the performance of NOMA.
APPENDIXES APPENDIX A PROOF OF LEMMA 1
Proof: Let s denote the index of possible cases of N s Y in N Y , G i (s) denote the set of files in Y with the same amount of random requests denoted by k i conditioned on N s Y ,G t (s) denote the set of the files which are not in Y but have the same amount of requests as the files in G t (s), G c (s) denote the set of the files which have fewer number of requests than the files in G t (s), G c (s) denote the set of the files which do not have any request from UEs, and λ v
(26) is due to the fact that N s Y is determined by the number of requests for different files n i , (27) is due to the fact that the probability for a specific order of files in G 1 (s) with the same number of requestsn 1 is given by
with |G 1 (s)|! denoting the number of all possible sorts of the files in G 1 (s), and (28) is due to the fact that conditioned onn j+1 <n j , the probability for a specific order of files in G j (s) with the same number of requestsn j is given by
For (29) and (30), given m < m, it can be easily verified that the probability for a specific order of files in G t (s) is given by
Also, given m < m, G c (s) is an empty set and there should be no request for the files in G c (s). As such, we have
for m < m. Further, given m > m, it can be verified that the probability for a specific order of files in G t (s) is given by
Also, given m < m, the number of requests for files in G c (s) should be less than G t (s). As such, we have
It is worth noting that there are in total 2m −1 different cases of N s Y . Therefore, we have
This then completes the proof.
APPENDIX B PROOF OF LEMMA 2
Proof: Based on (7), for the upper bound of C i , it can be easily verified that 
where ρ i (r) and w r (r) are given by (10) and (11), respectively. Further, for the lower bound of C i , we have
where (a) is due to the fact that This thus completes the proof.
APPENDIX C PROOF OF LEMMA 4
Proof: Similar as that in the proof of Lemma 2, based on (17), for the upper bound of C i , it can be easily verified that
where ρ i (r) is given by (20) .
Further, for the lower bound of C i , we have
This thus completes the proof.
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